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ABSTRACT
The electrostatic instabilities driven by the gradients of the density, temperature and
magnetic field, are discussed in their application to solar magnetic structures. Strongly
growing modes are found for some typical plasma parameters. These instabilities i) im-
ply the presence of electric fields that can accelerate the plasma particles in both
perpendicular and parallel directions with respect to the magnetic field vector, and
ii) can stochastically heat ions. The perpendicular acceleration is to the leading or-
der determined by the E ×B-drift acting equally on both ions and electrons, while
the parallel acceleration is most effective on electrons. The experimentally confirmed
stochastic heating is shown to act mainly in the direction perpendicular to the mag-
netic field vector and acts stronger on heavier ions. The energy release rate and heating
may exceed for several orders of magnitude the value accepted as necessary for a self-
sustained heating in the solar corona. The energy source for both the acceleration and
the heating is stored in the mentioned background gradients.
Key words: Sun: atmosphere - Sun: oscillations.
1 INTRODUCTION
Very strong electric fields have been reported in the solar
atmosphere in many studies in the past. The magnitude of
such fields may amount to 7·104 V/m (Davis 1977) and even
up to 1.3 · 105 V/m (Zhang & Smartt 1986). It is widely
believed that these electric fields appear in the process of
magnetic reconnection. The magnetic reconnection itself im-
plies a considerable change in the magnetic field topology,
and it is also used in describing rapid energy releases and
‘energization’ of plasma particles, i.e. their heating and ac-
celeration. However, at least in some cases (Janssens 1972;
Mayfield & Chapman 1981; Pudovkin et al. 1998) such en-
ergy release events seem to appear without a measurable
change of the magnetic energy and configuration and, hence,
a different description and source of such events may be
needed. In the present work, we show that such an alterna-
tive source naturally exists, and that it may drive extremely
strong electrostatic instabilities and produce electric fields of
the order mentioned above. The energy for such instabilities
is provided by the omnipresent gradients of the background
plasma parameters (the density, temperature, and magnetic
field). However, the physics and the features of this source,
and the mechanism by which its energy is transferred into
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these instabilities are beyond the standard magnetohydro-
dynamics (MHD) model. In order to describe it, a multi-
component (fluid or kinetic) theory is needed.
Typical studies of oscillations and instabilities in the so-
lar magnetic field structures imply a cylindric geometry with
parameters having different values inside and outside of the
structure, yet having at the same time some constant values
in the two separate domains. Moreover, the usually curved
structures (e.g. magnetic loops) are often flattened out in
the modeling and the curvature effects are thus neglected
in the simplified models. In reality however, the plasma pa-
rameters (the density, temperature and magnetic field mag-
nitude) may vary both in the axial (parallel to the mag-
netic field vector) and in the radial (perpendicular) direc-
tion. The axial variation is typically on a much larger char-
acteristic spatial scale in comparison to the radial variation,
and in some cases can be omitted. The presence of these ra-
dial inhomogeneities in the background of some accidental
fluctuations implies a source of energy for certain types of
instabilities. These background (equilibrium) gradients also
imply the equilibrium drift velocities, and the associated in-
stabilities are usually termed as reactive drift instabilities,
first predicted long ago by Rudakov & Sagdeev (1961). A
drift wave driven by the density gradient is typically grow-
ing due to the electron thermal effects in both collisional and
collision-less regimes (Vranjes & Poedts 2006, 2009a,b). The
former is well described within the two-component fluid the-
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ory, the latter however, is a strictly kinetic effect. In both
cases the ions play a stabilizing role, and in some situations
they may even impose a threshold for the instability.
However, in the case of hot ions and in the presence of
both the density and temperature gradients, the above men-
tioned reactive instability is termed as ηi-instability, where
now the ions play a crucial destabilizing role. Here, ηi =
Ln/LT , and Ln = (dn0/dx/n0)
−1, LT = (dT0/dx/T0)
−1 are
the characteristic inhomogeneity scale-lengths of the equi-
librium quantities that are here, and further in the text,
denoted by the index 0. The coordinate x in the present
local analysis is used to describe the changes in the radial
(perpendicular) direction. The background magnetic field is
typically also inhomogeneous (i.e., with a curvature and a
gradient in the perpendicular direction), and this may be
described by yet another characteristic scale-length LB =
(dB0/dx/B0)
−1. The interplay of these three gradients de-
termines the behavior of low frequency (ω ≪ Ωi = qiB0/mi,
qi = Zie is the ion charge) electrostatic oscillations and
instabilities. This will be demonstrated in the forthcoming
text.
2 ELECTROSTATIC INSTABILITY IN AN
ADVANCED FLUID MODEL
We apply the two-fluid model developed in numerous
works related to laboratory plasmas (Nilsson et al. 1990;
Nilsson & Weiland 1995). A systematic presentation of the
theory that has been successfully used in the past in the
prediction of transport processes in tokamak plasmas can be
found in Weiland (2000). There, one can also see a complete
agreement between this advanced fluid model and the kinetic
theory (that is one of the reasons for the term ‘advanced’
used here). Part of the basic theory of the drift wave applied
to the solar plasmas is given in Vranjes & Poedts (2006). It
has also been used very recently (Vranjes & Poedts 2009a,b)
in order to explain some essential properties of the coronal
heating mechanism. The theory is described in detail in the
references mentioned above. For completeness, we shall pro-
vide here a general description of the derivations, emphasiz-
ing some most important features of the model and provid-
ing explanations for the assumptions used in the procedure.
The present analysis is restricted to the electrostatic limit.
Note however, that the theory works well also in the full
electromagnetic limit (Andersson & Weiland 1988), where
it can be used e.g. for describing the ballooning instabilities.
This domain also can be of great importance for the solar
plasma as it may provide a triggering mechanism for abrupt
changes in the magnetic field topology, e.g. in processes like
magnetic reconnection and Coronal Mass Ejections (CMEs).
The presence of hot ions (typical for the solar atmo-
sphere) and the background temperature gradient (that is
expected in solar magnetic configurations) implies, first of
all, the necessity of including their full thermal response (the
pressure and the gyro-viscosity collision-less stress tensor) in
the momentum equation, and, second, the use of the ion en-
ergy equation in the mathematical model. For the present
purpose, the later comprises the diamagnetic heat flow term
only, and can be written as (Weiland 2000)
3
2
ni
(
∂
∂t
+ vi · ∇
)
Ti + pi∇ · vi = −∇ · q∗i , (1)
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Figure 1. Contour plot of F (Ln, LT , LB) = ηi − ηth, for kyρs =
0.1. The positive values correspond to the instability.
q∗i =
5
2
niTi
miΩi
e‖ ×∇Ti.
Here, Ti is in energy units, q∗i is the diamagnetic
heat flux, and e‖ = B/B. The given form of q∗i
can be obtained directly from the drift-kinetic theory.
In the case of different temperatures (pressures) in the
two directions (Mondt & Weiland 1991) it is to be re-
placed with [pi⊥/(miΩi)]e‖ × ∇(2Ti⊥ + Ti‖/2) + [(pi‖ −
pi⊥)/(miΩi)]Ti‖e‖ × (e‖ · ∇)e‖. A detailed analysis of the
temperature anisotropy effects on the gradient driven insta-
bility is performed by Mondt (1996).
The magnetic field is inhomogeneous in the general case.
This implies that, in the continuity equation, the contribu-
tion of the diamagnetic drift to the ion flux does not vanish,
and the appropriate linearized term is
∇ · (niv∗i) =
1
Ti
vbi · ∇pi1 6= 0.
For the same reason we have also ∇ · vE 6= 0, where vE is
the E ×B-drift. Hence, an additional magnetic drift veloc-
ity vbi appears in the description of the ion motion. We
use standard notation from the drift wave theory where
v∗i = e‖ × ∇pi/(qiniB). In the equations above we have
∇ · q∗i = −5niv∗i∇Ti/2 + 5nivbi · ∇Ti/2. The first (non-
curvature) part in this expression cancels out in the proce-
dure of calculating ∇·vi in the ion continuity equation. The
second term comprises the ion magnetic drift, which in the
general case is the sum of the curvature and the gradient-B
drifts
vbi =
v2‖
Ωi
e‖ × (e‖ · ∇)e‖ +
v2⊥
2Ωi
e‖ ×∇ logB.
Here, (e‖ · ∇)e‖ = −R/R
2 and R denotes the radius of the
curvature of the magnetic field, while the two velocities are
in general case different v2‖ = Ti/mi, v⊥ = 2Ti/mi. In what
follows, we shall use the expression for the effective total
curvature drift (Weiland 2000) vbi ≃ [2Ti0/(qiB0)]e‖× (e‖ ·
∇)e‖.
The perturbed ion perpendicular velocity can be ob-
tained from the ion momentum equation by applying the
vector product e‖ × ..., yielding
c© 2002 RAS, MNRAS 000, 1–7
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vi⊥ = vE + v∗i + vpi + vpii. (2)
Here, vE and v∗i are already defined above, the third term
is the ion polarization drift, and vpii denotes the drift due
to the ion stress tensor effects. For small accidental per-
turbations propagating predominantly in the perpendicular
direction ∼ exp[−iωt+ ikyy + ikzz], |ky | ≫ |kz|, |ω| ≪ Ωi,
the linearized ion energy equation yields (Weiland 2000)
Ti1
Ti0
=
ω
ω − 5ωbi/3
[
2
3
ni1
n0
+
ω∗e
ω
(
ηi −
2
3
)
eφ1
Te0
]
.
Here, the terms ω∗j , ωbj are the product of the perpendicular
wave number component ky and the diamagnetic and mag-
netic drifts, respectively. Note that ω∗e = kyv∗e = −τω∗i,
τ = Te0/Ti0. Using Eq. (2) in the ion continuity, the ion
density perturbation can be written as (Weiland 2000):
ni1
n0
=
{
ω(ω∗e − ωbe) +
(
ηi −
7
3
+
5ηb
3
)
ω∗eωbi
−k2yρ
2
s [ω − ω∗i(1 + ηi)]
(
ω −
5ωbi
3
)}
×
[
ω2 −
10ωωbi
3
+
5ω2bi
3
]−1
eφ1
Te0
. (3)
The electron parallel dynamics yields just the Boltzmann
distribution for the electron number density, and using the
quasi-neutrality condition, one then obtains the dispersion
equation
Ω2
(
1 + k2yρ
2
s
)
+ Ω
[
10ηb
3τ
+ k2yρ
2
s
5ηb
3τ
− 1 + ηb + k
2
yρ
2
s
1 + ηi
τ
]
+
5η2b
3τ 2
+
(
ηi −
7
3
+
5ηb
3
)
ηb
τ
+ k2yρ
2
s
1 + ηi
τ
5ηb
3τ
= 0. (4)
Here, Ω ≡ ω/ω∗e, ρs = cs/Ωi, c
2
s = Te0/mi, ηb = ωbi/ω∗i =
Ln/LB, and ωbe = −τωbi. It is seen that, without the mag-
netic field inhomogeneity, Eq. (4) yields only the standard
drift mode driven by the density gradient, with ω ∼ 1/Ln.
The magnetic drift terms ωbi are responsible for the appear-
ance of the additional plasma mode, while all three gradi-
ents together are responsible for the instability. As shown by
Weiland (2000), Eq. (4) can be solved analytically yielding
the approximate growth-rate (normalized to ω∗e)
γ =
(ηb/τ )
1/2
1 + k2yρ2s
(ηi − ηth)
1/2,
ηth =
2
3
−
τ
2
+ ηb
(
τ
4
+
10
9τ
)
+
τ
4ηb
−
k2yρ
2
s
2ηb
[
5
3
−
τ
4ηb
+
τ
4ηb
−
(
10
3
+
τ
4
−
10
9τ
)
ηb +
(
5
3
+
τ
4
−
10
9τ
)
η2b
]
.
It is seen that for ηi > ηth there will be an instabil-
ity. For a fixed τ , the stability conditions are completely
determined by the three characteristic inhomogeneity scale-
lengths Ln, LT , LB. This is demonstrated in Fig. 1 where
we give the contour plot of F (Ln, LT , LB) = ηi − ηth for
kyρs = 0.1 and for τ = Te0/Ti0 = 1. The positive lines
denote the values for which the gradient-driven instabil-
ity takes place. In application to the solar atmosphere with
Te0 = Ti0 = 10
6 K, and assuming B0 = 3 · 10
−2 T, for hy-
drogen ions we have ρs = 0.032 m and, hence, the condition
kyρs = 0.1 implies the perpendicular wavelength λy = 2 m.
The assumption of the nearly perpendicular perturbed ion
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Figure 2. Two real solutions (normalized to ω∗e) in the case
ηi = 1 and kyρs = 0.1.
motion for such a short perpendicular wave-length in fact
implies a flute-like mode that is very elongated along the
magnetic field vector, with a parallel wave-length that is
measured in hundreds of kilometers. Such strongly elon-
gated modes (i.e. k⊥ ≫ k‖) are easily excited under lab-
oratory conditions (e.g. in a tokamak plasma) in spite of the
rather limited scales in the parallel direction. In the solar
magnetic structures with naturally drastic differences in the
perpendicular and parallel scale-lengths, their excitation is
expected to be even more efficient.
The second order dispersion equation (4) is solved nu-
merically and some results are presented in Figs. 2-5. In
accordance with Fig. 1, in Fig. 2 for ηi = 1 we have two
real solutions for the wave frequency, one essentially due to
the density gradient and the other due to the magnetic field
gradient. The initially positive solution changes the sign for
ηb ≃ 0.4 and then both solutions propagate in the direction
of the ion diamagnetic drift. Note that for the parameters
used above and for kyρs = 0.1, the normalized frequency
Ω ∼ 1 Hz here implies Ln = LT ∼ 10
3 m.
In Fig. 3, the case ηi = 3 is presented. Here, both ini-
tial solutions are positive and real for small values of ηb.
They merge at around ηb ≃ 0.09, yielding a pair of complex-
conjugate solutions with the real part becoming negative
for ηb > 0.25. The instability vanishes for ηb > 2.04 when
two negative real solutions appear. The mode is particularly
strongly growing (|γ| > |Ωr|) in the range ηb ∈ (0.15, 0.7).
Considering ηi = 5, in Fig. 4 we present the same mode
behavior as in Fig. 3. Such a larger ηi value yields a growth-
rate that is larger by about a factor 2 and the instability
range in terms of ηb is widened to ηb ∈ (0.05, 3.7).
In Fig. 5, for a fixed ηb = 1 and kyρs = 0.1, the fre-
quency is calculated in terms of ηi. The two negative real
solutions (c.f. Fig. 2) merge for ηi > 1.78 yielding a pair of
complex conjugate solutions with a very weakly decreasing
real part (Ωr = −1.67 at ηi = 1.78 and Ωr = −1.71 at
ηi = 10).
Note that in all these cases the used values of the ratios
ηi ≡ Ln/LT , ηb ≡ Ln/LB in fact imply a wide range of
possible values for Ln, LT , LB. Since ωr = Ωrω∗e ∼ 1/Ln,
this also implies a wide range of possible frequencies.
c© 2002 RAS, MNRAS 000, 1–7
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Figure 3. The solutions of Eq. (4) for ηi = 3 showing two real
solutions for small ηb and for ηb > 2.04. The dashed line is the
growth-rate for the complex-conjugate solutions in between.
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Figure 4. The solutions of Eq. (4) for ηi = 5.
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Figure 5. The solutions of Eq. (4) in terms of ηi for ηb = 1.
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Figure 6. The threshold value of the potential φ, Eq. (5), in
terms of the perpendicular wave-length, above which the stochas-
tic heating takes place. Above the dotted line the parallel electric
field exceeds the Dreicer value, resulting in a simultaneous accel-
eration of particles.
3 ELECTRIC FIELD
3.1 Acceleration of plasma particles
The electrostatic instability discussed here implies an elec-
tric field varying in time and space, and having very dif-
ferent components in the parallel and perpendicular direc-
tions. Such an electric field can accelerate plasma particles
in both perpendicular and parallel directions with respect to
the magnetic field vector. An acceleration always exists in
the presence of electrostatic perturbations, yet typically it
is sporadic and acts mainly on the small amount of particles
from the far tail in the distribution function. The critical
value of such an electric field, above which the bulk elec-
tron runaway effect takes place, in a fully ionized plasma is
(Dreicer 1959) Ed = eLei/(4piε0λ
2
d). Here, Lei = log(λd/b)
is the Coulomb logarithm, λd = λdeλdi/(λ
2
de+λ
2
di)
1/2 is the
plasma Debye radius, λdj = vTj/ωpj , vTj , ωpj are, respec-
tively, the thermal velocity and the plasma frequency of the
j species, and b = [e2/[12piε0(Te+Ti)] is the impact param-
eter for electron-ion collisions. For the parameters used in
the previous text we have Lei = 19, λd = 0.0005 m, and
the Dreicer field is 0.11 V/m. Assuming the parallel wave-
length of about 100(500) km, the amplitude of the elec-
trostatic potential φ necessary to achieve the Dreicer value
is about 1.8(9) KV. However, in the perpendicular direc-
tion this same potential gives the electric field kyφ that is
around E⊥ = 5.7(29) KV/m. For the parallel wave-length of
about 1000 km we would have φ = 18 KV and consequently
E⊥ = 57 KV/m. These estimates are for the number density
n0 = 10
16 m−3.
Taking the number density one order of magnitude
larger n0 = 10
17 m−3 yields Ed = 1 V/m. The electric field
corresponding to this value in the parallel direction would
(for the three given parallel wavelengths) in the perpendicu-
lar direction have the magnitude of 54, 270, and 540 kV/m,
respectively.
The time needed for the perturbations to achieve such
values can be estimated from the previously calculated
c© 2002 RAS, MNRAS 000, 1–7
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Table 1. Stochastic heating for hydrogen (and helium
in brackets) for several values of the perpendicular
wavelength and the wave amplitude φ. The assumed
starting temperature is 106 K.
λy [m] φ [V] a Teff [K]
0.1 50 2.3 (9.1) 1.5 · 106 (2.6 · 106)
0.2 100 1.1 (4.6) 3 · 106 (3.5 · 106)
1 3000 1.4 (5.5) 9 · 107 (1.2 · 108)
1 5000 2.3 (9.1) 1.5 · 108 (2.6 · 108)
2 10000 1.1 (4.6) 3.1 · 108 (3.5 · 108)
growth-rates. Taking as an example Fig. 3, the maximum
growth-rate is γ/ω∗e ≃ 1. Taking Ln = 10
3 m, Ti = Te =
T0 = 10
6 K, B0 = 3 · 10
−2 T, for λy = 2 m we have
ω∗e = 9 Hz. Assuming some small starting value of the elec-
trostatic potential Ψ, the growth time till it gets some value
φ1 is tg ≃ log(φ1/Ψ)/γ. Taking eΨ/(κTi) = 0.01 this yields
Ψ = 0.86 V. Hence, the value φ1 = 9 KV discussed above is
achieved within tg ≃ 1 s. Observe that for Ln = 10
4 m, this
growth time becomes 10 seconds.
We conclude that the presented instability can yield
the extremely large values of the electric field reported in
the observations (Davis 1977; Zhang & Smartt 1986) within
seconds. The electric field generated in such a way may ex-
ceed the Dreicer value, and consequently an acceleration
of the bulk plasma may take place. In the direction per-
pendicular to the magnetic field vector, the particles are
subject to the leading order E × B-drift vE = E⊥/B0,
which is the same for both electrons and ions. Note that
for E⊥ = 20 KV/m and the earlier assumed magnetic field,
it is of the order of 700 km/s. Hence, because of such short
perpendicular wave-lengths, these are very short-scale per-
pendicular plasma fluxes acting on the plasma as a whole.
The nature of the instability is that in the perpendic-
ular direction (here along the x-axis) it is localized in the
area of the maximum gradients e.g. around some value x0.
On the other hand, the perpendicular component of the per-
turbed electric field is in the y-direction (corresponding to
the azimuthal direction in the cylindric geometry), so that
due to the E ×B-drift the plasma fluxes will be in the x-
direction. Hence, the starting regular density profile in the
x-direction will be modified and density condensations will
appear one after another as one moves in the y-direction, left
and right of the position x0. In a realistic cylindric geome-
try and taking the mode behavior in the axial direction into
account, this would imply the formation of braided density
structures twisted along the cylinder. However, in the limit
of large potential amplitudes the initial plasma configuration
can simply be destroyed.
In the parallel direction the velocity (Bittencourt 1995;
Vranjes & Poedts 2009b) is vjz(t) ∼ Ez/[mj(kzv0 − ωr)].
Hence, the acceleration is proportional to m−1j and acts
mainly on electrons. It is selective in the sense that par-
ticularly strong acceleration is experienced by resonant elec-
trons having the starting velocity v0 satisfying the condition
v0z = ωr/kz . More details on that issue may be found in
Fletcher & Hudson (2008) and Vranjes & Poedts (2009b).
3.2 Quasi-static purely growing instability
The instability described in the previous text implies the
presence of a range of values for the three parameters
Ln, LT , LB for which |Ωr| ≪ γ. This is due to the demon-
strated change of the mode direction, during which the dis-
persion lines intersect with the ηb-axis so that ωr = 0. In
Figs. 3 and 4 this is around ηb ≃ 0.25. The corresponding
growth-rate for the two cases is γ ≃ 0.6 and 0.9, respectively.
This implies an almost purely growing, quasi-static elec-
tric field, yet spatially varying and with its amplitude de-
termined by the the two mode numbers ky,z. The above de-
scribed acceleration will remain similar, yet the important
difference is that the mode is practically non-propagating
and the spatial variation of the acceleration will become
much more pronounced and the mentioned braiding more
effective.
3.3 Stochastic heating
The polarization drift, i.e. the third term in Eq. (2), starts to
play an important role for a large enough wave amplitude.
In this case, the motion of a particle becomes stochastic
and consequently heating takes place. Details of this pro-
cess can be found in Bellan (2006). It turns out that for a
large enough wave amplitude the standard iterative proce-
dure, which is behind Eq. (2), is not valid any more, and
the same holds for the particle representation by its gyro-
center. Instead, one is supposed to describe the actual par-
ticle motion by writing the particle momentum equation for
its motion in the wave-field. This has been described in de-
tail and experimentally verified in McChesney et al. (1987)
and Sanders et al. (1998). It is shown that the stochastic
heating takes place provided that
a = k2yρ
2
i ·
eφ
Ti0
> 1. (5)
Here, ρi = vT i/Ωi. The condition (5) in fact implies that in
this regime the ion displacement due to the polarization drift
is comparable to the perpendicular wavelength. This is be-
cause vpi = (ez×∂vi⊥/∂t)/Ωi, and vi⊥ is the leading order
E ×B-drift, so that (McChesney et al. 1987) vpi ∼ aω/ky
and the perpendicular displacement due to the polarization
drift is δ = vpi/ω = a/ky . For these reasons the mentioned
gyro-center representation fails and the field magnitude is
to be calculated at the actual position of the particle. An-
other important feature is that vpi ∼ ky , hence the stochas-
tic heating is due to the electrostatic property of the wave.
Although the resulting particle motion is deterministic, as
c© 2002 RAS, MNRAS 000, 1–7
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explained in Bellan (2006) the practical consequence of the
described mechanism on the particle distribution function is
the same as in an ordinary heating.
The maximum achieved stochastic temperature is
(McChesney et al. 1987; Sanders et al. 1998)
Tmax =
m
3
(
k2yρ
2
i eφ/Ti0 + 1.9
)2 Ω2i
k2y
. (6)
The application of this effect to the heating of the solar
corona by the ordinary density gradient driven drift wave has
been performed in our recent publications Vranjes & Poedts
(2009a) and Vranjes & Poedts (2009b). It is shown that
the ions are more efficiently heated than electrons, and the
heavier ions are heated better than light ions provided that
k4yρ
4
i (eφ/Ti0)
2 > 1.9. The nature of the heating is such that
it acts mainly in the perpendicular direction, and it can also
describe some other features of the coronal heating.
The threshold potential (5) is presented in Fig. 6 in
terms of λy, for the same parameters as earlier in the text.
For the values above the curve, the stochastic heating takes
place. On the other hand, as discussed earlier in the text, for
large enough kzφ the electric field exceeds the Dreicer value
and the particle acceleration is in action too. The horizontal
lines in Fig. 6 give kzφ = Ed for the cases λz = 100 km and
500 km. Hence, for the values of φ above the both full and
dotted lines, the plasma is subject to simultaneous heating
of ions (in the perpendicular direction), and an acceleration
of bulk electrons in the parallel direction.
The stochastic temperature (6) is sensitive to the per-
pendicular wavelength and the magnitude of the background
magnetic field. Using the parameters from the previous text
and the starting temperature of 1 MK one can easily ob-
tain a temperature several orders of magnitude above the
starting value, and this already for a very small amplitude
of the potential φ. The heating presented in Table 1 is for
rather moderate values of the perturbed potential, i.e., for
the left (lower) part of the curve in Fig. 6. From Table 1,
one concludes that at very short perpendicular wave-lengths,
the stochastic heating is in action already at very small am-
plitudes of the wave potential. Also clear from Table 1 is
the remarkable fact that for the same wave amplitude the
heavier ions (helium) are heated more efficiently.
The stochastic heating implies the condition (5) sat-
isfied, regardless of the specific values of the two separate
parts in that expression, while the instability analysis and
the growth-time from Sec. 2 imply kyρs ≡ kyρi < 1. For that
reason we are formally allowed to estimate the growth time
in Table 1 for λy > 2 m only, and this is of the order of a
second, as shown in Sec. 3.1. For this wave-length the max-
imum energy release rate per unit volume for the density
n0 = 10
16 m−3 becomes 3n0Tmax/(2tg) = 65 J/(m
3s), and
that is several orders of magnitude above the value accepted
as necessary for a sustained heating in coronal loops and
also well within the range of the total amount of the energy
released in nano-flares. Some additional properties of the
stochastic heating, presented in Vranjes & Poedts (2009a)
and Vranjes & Poedts (2009b) for the ordinary drift wave,
remain valid for the present case as well.
SUMMARY
The heating of the solar corona by waves, and the propa-
gation of waves in the solar environment has been the sub-
ject of numerous studies in the past. Typically the wave
heating models remain within the widely used MHD, e.g.
Peku¨nlu¨ et al. (2001); Suzuki (2004), yet it is obvious that
in such an approach a lot of physics remains out of scope as
may be seen in Vranjes & Poedts (2006); Pandey & Wardle
(2008). The analysis performed in the present paper is aimed
at showing even further some novel phenomena that follow
from a multi-component description. It is based on the well
established theory of the low frequency phenomena in mag-
netized and inhomogeneous plasmas. It is crucially a multi-
component plasma description. In the same time, it repre-
sents a step forward in the recently published modeling of
the heating of the solar corona (Vranjes & Poedts 2009a,b).
The most important consequence of the here described fast
growing mode is the electric field, with its drastically differ-
ent scales in the parallel and perpendicular directions, that
cannot be predicted within the widely used MHD theory.
This electric field should be responsible for the acceleration
of plasma particles and their simultaneous heating. The na-
ture of the instability implies large scales in the direction
of the magnetic field vector. In a realistic cylindric configu-
ration the mode is weakly twisted around a magnetic loop,
and such is the scene where the predicted acceleration and
heating takes place. The essential difference between the in-
stability presented here and the drift wave instability from
Vranjes & Poedts (2009a,b) is that the former can be well
described within the multi-component fluid theory, while the
latter is a purely kinetic effect.
The gradient driven oscillations presented here are of
relatively high frequency and therefore presently difficult to
detect directly. Yet, they imply the presence of the electric
fields that can be observed in coronal spectra due to line
broadening and shifts, that are measured and presented in
Davis (1977) and Zhang & Smartt (1986), and attributed
to plasma waves and instabilities, in particular to the lower-
hybrid-drift and whistler instabilities. We show here that
they can be described in terms of the gradient-driven drift
instabilities. The possible consequences of the presence of
gradient driven oscillations (the temperature anisotropy and
a stronger heating of heaver ions) are well documented in
the measurements of the spectral line widths of heavy ions
Cranmer et al. (2008). The mentioned strong E×B-plasma
drifts should also be detectable as Doppler shifts in the spec-
tra.
One can with certainty claim that, at least in the start-
ing stages of the presented gradient-driven instability, these
processes are reasonably accurately described within the
given model that can potentially be used for the descrip-
tion of the particle acceleration and the heating of the solar
corona. However, there exists a number of phenomena that
will mostly negatively affect the proposed effects of heat-
ing and acceleration, like the energy and particle diffusion
and collisions, coupling to the Alfve´n wave, non-linearity,
etc. Large wave amplitudes and the corresponding stronger
heating will necessarily modify the starting plasma configu-
ration, primarily the temperature gradient that is essential
for the growth, and the density gradient too. Consequently,
the values obtained here analytically may be far from ac-
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curate. In particular, for large values of eφ/(κTi), various
new effects must be included, and the model must be con-
siderably improved in order to give accurate estimates in
this limit. Though, the effective temperature presented in
Table 1 goes over 300 million K, that is far above the tem-
peratures that are needed. Hence, reducing the potential
[i.e. the factor eφ/(κTi)] by two order of magnitude will still
give desired temperature of a few million K. Such a reduc-
tion of φ will give lower values of the electric field kyφ, yet
this can be compensated by taking larger values of ky . For
the given plasma parameters, the plasma Debye radius is
around 0.5 mm, so that going to very short perpendicular
wavelengths, even below the values from Table 1 is justified.
Nevertheless, it is fair to say that a realistic (non-linear) de-
velopment of the instability and of all the consequences that
follow from it, can be described only numerically in codes
that allow for a simultaneous change of the driving force
(i.e., the inhomogeneous plasma background) in the process
of the development of the instability.
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